Insects have evolved sophisticated olfactory reception systems to sense exogenous chemical signals. Odorant receptors (ORs) on the membrane of chemosensory neurons are believed to be key molecules in sensing exogenous chemical cues. ORs in different species of insects are diverse and should tune a species to its own specific semiochemicals relevant to their survival. The orthopteran insect, locust (Locusta migratoria), is a model hemimetabolous insect. There is very limited knowledge on the functions of locust ORs although many locust OR genes have been identified in genomic sequencing experiments. In this paper, a locust OR, LmigOR3 was localized to neurons housed in trichoid sensilla by in situ hybridization. LmigOR3 was expressed as a transgene in Drosophila trichoid olfactory neurons (aT1) lacking the endogenous receptor Or67d and the olfactory tuning curve and dose-response curves were established for this locust receptor. The results show that LmigOR3 sensitizes neurons to ketones, esters and heterocyclic compounds, indicating that LmigOR3 is a broadly tuned receptor. LmigOR3 is the first odorant receptor from Orthoptera that has been functionally analyzed in the Drosophila aT1 system. This work demonstrates the utility of the Drosophila aT1 system for functional analysis of locust odorant receptors and suggests that LmigOR3 may be involved in detecting food odorants, or perhaps locust body volatiles that may help us to develop new control methods for locusts.
Introduction
Insects have evolved sophisticated olfactory reception systems to sense exogenous chemical signals. Antennae are the most important chemosensory organs on which there are many hair-like structures, called sensilla innervated by olfactory receptor neurons (ORNs). On the membrane of insect ORNs, odorant receptors (ORs), a type of seven transmembrane domain protein are expressed with a co-receptor (ORco) to form a heteromer which functions as an odorant-gated ion channel (Sato et al., 2008; Smart et al., 2008; Wicher et al., 2008) . Different odorant receptors in insects are tuned to different combinations of chemical compounds Hallem et al., 2004; Wang et al., 2010) .
The orthopteran insect, locust (Locusta migratoria), a model hemimetabolous insect, mainly relies on olfactory cues emitted from con-specifics, food plants or oviposition sites to guide and trigger important behaviors, such as aggregation, feeding, mating and oviposition (Hassanali et al., 2005) . There is very limited knowledge on molecular mechanisms of olfaction which mediates locust behaviors though many locust OR genes have been identified (Xu et al., 2013; Wang et al., 2015) . Understanding the molecular olfaction mechanisms that underlie these behaviors will be helpful to develop new locust control methods based on the functions of odorant receptors.
In insect species studied to date, odorant receptors expressed in the neurons located in basiconica sensilla are, generally, broadly tuned receptors that detect odors from plants and fruits, whereas those expressed in the neurons located in trichoid sensilla are often narrowly tuned receptors that detect important cues for social behaviors in most insects (Van der Goes van Naters and Carlson, 2007) . In Drosophila melanogaster, Or67d is expressed in aT1 sensilla neurons and specifically detects the male-specific pheromone, 11-cis-vaccenyl acetate (cVA) (Ha and Smith, 2006) . cVA has sexually dimorphic effects in the two sexes: inhibiting mating behavior between males but promoting mating behavior in females (Kurtovic et al., 2007; Ronderos and Smith, 2010) . Or47b and Or88a expressed in aT4 sensilla in D. melanogaster can sense the fly-produced odorants methyl laurate, methyl myristate and methyl palmitate (Dweck et al., 2015) . BmorOr1 expressed in the trichoid sensilla neurons in Bombyx mori can sense bombykol, the first identified pheromone, which can help male moth to find suitable mate over large distances (Butenandt et al., 1959; Nakagawa et al., 2005; Sakurai et al., 2004) . Misexpression of the bombykol receptor in Drosophila trichoid neurons confers bombykol sensitivity (Syed et al., 2006) .
The locust has evolved a complicated olfactory system that is anatomically distinct from flies or moths. In this insect olfactory system, there are three identified types of olfactory sensilla, including basiconica, trichoid and coeloconica sensilla (Ochieng and Hansson, 1999; Ochieng et al., 1998) . However, the antennal lobes in locusts contain thousands of microglomeruli compared to roughly 60 in the fly. These microglomeruli are innervated by highly branched OSNs and PNs (Hansson and Stensmyr, 2011) , indicating that the locust's chemosensory system is distinct from that of the fly or moth. The functional significance of this complicated anatomy is unclear. The locust trichoid sensilla house 1~3 ORNs (Ochieng et al., 1998) . Some types of ORNs in locust trichoid sensilla were identified with single sensilla recording technology (Cui et al., 2011; Ochieng and Hansson, 1999) . Recently, locust odorant receptors, LmigOR1 and LmigOR2 have been demonstrated to be expressed in different neurons housed in basiconic sensilla (Xu et al., 2013) . To date, no locust ORs have been localized in trichoid sensilla and functionally studied so far.
To explore the functional properties of locust odorant receptors, we localized LmigOR3 to trichoid sensilla by in situ hybridization. We successfully transformed LmigOR3 into Drosophila aT1 neurons and the chemical specificity of LmigOR3 in aT1 neurons was evaluated by single unit electrophysiology methods. The results indicate that LmigOR3 is a broadly tuned receptor which is expressed in the neurons of trichoid sensilla on locust antenna.
Materials and methods

Insects
Adult locusts (L. migratoria) in this study were obtained and raised as previously described (Xu et al., 2013) . Intact antennae were dissected using forceps and stored at À80 C until further processing for in situ hybridization or to recover mRNA.
Drosophila stocks. The Or67d GAL4 mutants were described previously (Kurtovic et al., 2007) . We injected receptor cDNAs regulated by UAS directly into the Or67d GAL4 mutant background to generate transgenic UAS-LmigOR3 flies.
Probe preparation and in situ hybridization
Plasmids containing the complete LmigOR3 gene were used as DNA template to prepare probes. The following gene-specific primers were selected for 374 bp fragment:
LmigOR3-probe-F: 5 0 -TGCTTCTCCGTGTTCAACTG -3 0 and Lmi-gOR3-probe-R: 5 0 -TGCACAAACCTGCAAACTTC -3 0 .
Digoxigenin (DIG)-labeled LmigOR3 antisense and sense probes were generated from linearized recombinant pGem-T Easy plasmids using the T7/SP6 RNA transcription system (Roche, Basel, Switzerland) following recommended protocols, as described previously, except that the probes were not fragmented by incubation in carbonate buffer (Xu et al., 2013) . RNA in situ hybridization and analysis was also performed as described previously (Xu et al., 2013) .
Single sensillum electrophysiology
Extracellular electrophysiological recordings of aT1 sensilla were performed according to Ha and Smith (2006) . All of the chemicals were diluted in paraffin oil to different dilution (10%, 1%, 0.1%, 0.01%, 0.001% vol/vol or wt/vol). 185 chemicals presented as stimuli were of the highest purity available and responses to these compounds were recorded and analyzed (Table S1 ). Graphical summaries represent mean ± SEM.
Results
LmigOR3 is localized in chemosensory neuron of locust trichoid sensillum
Previous PCR experiment results showed that LmigOR3 was specifically expressed in the antennae of locust from nymph to adult at high levels (Xu et al., 2013) . To localize LmigOR3 expression to a type of sensillum, we performed in situ hybridization experiments with DIG-labeled LmigOR3 sense and antisense probes. As expected only a small subset of distinct ORN cell bodies in the section were labeled by the LmigOR3 antisense probes. Fig. 1A shows an example of a positive neuron localized to a trichoid sensillum. In contrast, we did not observe any labeled neurons in basiconica, coeloconica, or chaetica sensilla using the LmigOR3 antisense probes. No labeling was detected in olfactory neurons under the same conditions using sense probes of LmigOR3 (Fig. 1B) .
LmigOR3 broadly tunes to odorants in aT1 system of transgenic Drosophila
To reveal the function of LmigOR3 in olfaction, a LmigOR3 cDNA under control of the UAS promoter was transformed into Drosophila homozygous for Or67d GAL4 . In these flies the Or67d receptor, that normally mediates cVA sensitivity, was replaced by the coding sequence for the yeast GAL4 transcription factor that drives expression from UAS promoters (Kurtovic et al., 2007) . Thus, flies homozygous for both Or67d GAL4 and UAS-LmigOR3 express Lmi-gOR3 in place of Or67d. Single sensillum electrophysiological recordings were used to record the responses of LmigOR3-expressing ORNs in trichoid neurons to a large and diverse panel of odorants as stimuli. 55 of 185 chemicals we tested can elicit excitatory responses from LmigOR3 at the concentration of 10% (v/v, or w/v) ( Fig. 2A) . The strongest responses were elicited by ketones with 7~10 carbon atoms (C7~C10), esters with 5~8 carbon atoms (C5~C8) and heterocyclics with 5~9 carbon atoms (C5~C9) ( Table S2 ). For ketones, 3-octanone (C8), 2-octanone (C8) and 3-nonanone (C9) can elicit stronger responses than 3-heptanone (C7), 2-heptanone (C7) and 2-decanone (C10). For esters, trans-2-hexenyl acetate (C7) and pentyl propionate (C8), hexyl acetate (C8), butyl butyrate (C8) can elicit stronger responses than other esters. These results showed that LmigOR3 is mainly sensitive to C7~C9 lengths of ketones and esters. For heterocyclic compounds, 2, 5dimethylpyrazine, 2, 4, 5-trimethyl thiazole, C6-odorants, and 2isobutyl-3-methoxy-pyrazine, C9-odorant can elicit stronger responses than other heterocyclics. In addition, benzyl alcohol (C7) Fig. 2 . The electrophysiological responses of LmigOR3 to odorants in transgenic Drosophila aT1 system. A. LmigOR3 was broadly tuned by 55 chemicals; B. 18 chemicals can result in responses of S20 △spikes/s. 185 chemicals were tested using single sensillum recordings. All the chemicals' concentration used in this study is 10% (vol/vol). n ¼ 6~7. Error bars ¼ SEM.
also can elicit a strong excitatory response. 18 chemicals can produce responses of 20 spikes/s or greater ( Fig. 2B) . Of the odorants we tested, 3-octanone is the strongest activator for LmigOR3 (△spikes/s ¼ 59.32 ± 7.06) in this system. These results show that LmigOR3 is mainly activated by chemicals with 5~10 carbon atoms and is a broadly tuned odorant receptor.
LmigOR3 dose-dependently tunes to odorants in aT1 system of transgenic Drosophila
Next, we determined the dose/response relationships for the best activators of LmigOR3 in aT1 system. 14 chemicals that elicited high excitatory responses in the previous experiment were selected as stimuli to explore the dose-dependence responses of LmigOR3. The chemicals were serially diluted (10%, 1%, 0.1%, 0.01%, 0.001%; vol/vol) in paraffin oil. These dilutions were used to stimulate the aT1 sensilla from the transgenic flies. For heterocyclics, 2-isobutyl-3-methoxy-pyrazine can elicit stronger response than 2, 4, 5trimethyl thiazole at the concentration of 10%, but the latter can elicit stronger response than the former at the lower concentration of 1% (Fig. 3) . For esters, pentyl propionate can elicit stronger responses than other tested esters at the concentration of 10% and no other tested esters can elicit strong responses at the lower concentration of 1% (Fig. 4) . For ketones, 3-octanone can elicit stronger response than other tested ketones at the concentration of 10% and no any ketone tested can elicit strong responses at the lower concentration of 1% (Fig. 5 ). Benzyl alcohol also cannot elicit strong responses at the lower concentration of 1% (Fig. 5 ). This means that the transgenic Drosophila aT1 system is suitable for analysis of locust odorant receptors. Besides, of all tested chemicals 2, 4, 5trimethyl thiazole can elicit the strongest response at the concentration of 1%, which indicates it may be an effective activator for LmigOR3.
Discussion
LmigOR3 from locust was demonstrated previously to be specifically expressed in the antennae at high levels at all developmental stages (Xu et al., 2013) . In this study we localized LmigOR3 in neurons of trichoid sensilla, making this the first odorant receptor identified that is expressed in the locust trichoid senilla neurons. Our in situ hybridization experiments showed that neurons expressing LmigOR3 are rare in sections which were abundantly positive for two other receptors, LmigOR1 and LmigOR2, expressed in basiconic sensilla (Xu et al., 2013) .
The properties of a receptor repertoire in Drosophila adult and larvae were systematically investigated by ectopically expressing receptors in ab3A neurons (Hallem et al., 2004; Hallem and Carlson, 2006; Kreher et al., 2005) . Combinatorial coding, that is one OR can sense multiple chemicals and one chemical cue can be detected by multiple ORs was an important property in insects as well as mammals (Carey and Carlson, 2011) . Odorant receptors in neurons of basiconica sensilla are, generally, broadly tuned receptors that detect odors from plants and fruits, whereas those expressed in neurons of trichoid sensilla are narrowly tuned receptors that detect important cues for social behaviors in most insects (Van der Goes van Naters and Carlson, 2007) . Or67d receptors of D. melanogaster in aT1 sensilla neurons specifically detected the malespecific pheromone, 11-cis-vaccenyl acetate (cVA) (Ha and Smith, 2006) . Similarly, BmorOr1 expressed in the trichoid sensilla neurons in B. mori specifically detected bombykol (Nakagawa et al., 2005; Sakurai et al., 2004; Syed et al., 2006 Syed et al., , 2010 . Our results showed that expression of LmigOR3 in the transgenic Drosophila aT1 system confers broad odorant sensitivity, with strong responses to at least 18 chemicals, including ketones, esters, heterocyclics and benzyl alcohol.
Some of chemicals that can elicit strong responses from Lmi-gOR3, include 2, 5-dimethylpyrazine and 2-heptanone. 2heptanone is the component of maize leaf volatiles (Buttery and Ling, 1984) as well as that of locust body volatiles (Li and Zhang, 2011) . 2, 5-dimethylpyrazine is the component of locust body volatiles (Cui et al., 2011; Yu et al., 2007) . Previously, 16 types of neurons in 7 subtypes of trichoid sensilla were identified by electrophysiology (at2-1, at2-2, at2-3, at2-4, at2-5, at3-1, at3-2) in locust antennae in response to 9 odors (octanal, hexanal, 2, 5dimethylpyrazine, 2, 6, 6-trimethyl-2-cyclohexene-1, 4-dione, trans-2-hexenal, cyclohexanol, 2-heptanone, guaiacol, benzaldehyde) present in fecal volatiles in the locust (Cui et al., 2011) . Interestingly, at3-1B strongly responded to 2-heptanone and 2, 5dimethylpyrazine but did not respond to cyclohexanol. This response pattern in the locust is similar to that of LmigOR3 expressed in Drosophila (Fig. S1 ). However, we cannot definitely confirm whether LmigOR3 is expressed in at3-1B or if there is another receptor in at3-1B with similar tuning characteristics. It would be interesting to test the additional odorants we identified that activate LmigOR3 using Drosophila on at3-1B neurons. Additional confirmation needs to be performed to test the activities of these same odorants that are active in LmigOR3 transgenic Drosophila aT1 system on locust antennal trichoid sensilla, because additional families of proteins, such as odorant-binding proteins (OBPs) (Pelosi et al., 2006) , and sensory neuron membrane proteins (SNMPs) (Jin et al., 2008) , are believed to be involved in odorant recognition. For instance, benzaldehyde elicited inhibitory responses for all trichoid sensilla in locusts (Cui et al., 2011) , but we observed weak excitatory responses from LmigOR3 expressed in transgenic flies. It is possible LmigOR3 is expressed in trichoid sensilla that have escaped previous characterization, or that the response in vivo relies on additional factors, such as OBPs (Grosse-Wilde et al., 2007; Laughlin et al., 2008; Leal, 2013) . It would be interesting to utilize RNAi to knockdown LmigOR3 gene in locust to further explore its function, in combination with behavioral experiments in the future. In the transgenic system, aT1 neurons expressing LmigOR3 responded to 3-octanone which was the most active odorant (△spikes/s ¼ 59.32 ± 7.06) at the concentration of 10%. When BmorOR1 was transformed into the Drosophila ab3A empty neuron system, bombykol could only elicit low activity (△spikes/s 60), unlike food odorant receptors expressed in these neurons that could elicit much higher activity (up to 250△spikes/s) (Syed et al., 2006) . Similarly, low activity (△spikes/s 60) was observed when the sex pheromone cVA was applied to ab3A neurons expressing Or67d receptors, but much stronger activity is produced when these receptors are expressed in trichoid neurons (Ha and Smith, 2006; Kurtovic et al., 2007) . LmigOR3 locust receptors are functional in the Drosophila aT1 system, and this system will be useful to analyze the odorant specificities of additional orphan receptors expressed in this agricultural pest.
In conclusion, we describe the first functional analysis of an odorant receptor from any member of the Orthoptera using the transgenic Drosophila aT1 system. We showed that LmigOR3 is localized to neurons localized in trichoid sensilla of the locust antenna and that it is a broadly tuned odorant receptor. Future studies will evaluate the biological role of this receptor in vivo.
